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Bi2S3, PbS and Bi–Pb–S system thin ﬁlms were grown on glass substrates by the spray pyrolysis tech-
nique. The ﬁlms growth was realized by the reaction of aqueous solutions of bismuth trichloride (BiCl3)
and trihydrate Lead Acetate (TLA) (Pb(CH3COO)2.3H2O) with thiourea on heated substrates. The ﬁlms
study was performed as a function of the TLA volume ratio (TLA vol. ratio) in the solution obtained by
the mixture of BiCl3 and thiourea used as precursor solution (PrS). X-ray diffraction (XRD), ﬁeld emitting
scanning electron microscopy (FESEM), energy dispersive spectroscopy (EDS) were used for structural
and compositional analysis of the as deposited ﬁlms. With the structural investigations, Bi2S3, PbS thin
ﬁlms and PbS–Bi2S3 composite thin ﬁlms formation was conﬁrmed. Optical properties of the deposited
ﬁlms were obtained using transmittance and reﬂectance measurements in the wavelength range [200–
2500 nm]. The absorption edge shows a shift towards low energy with the increase of the TLA vol.
ratio.The optical bandgaps for the ﬁlms with various TLA vol. ratio are found to lie between those of
the Bi2S3 and PbS ones. The optical parameters (extinction coefﬁcient, refractive index, real and imagi-
nary parts if the complex dielectric constant) of the thin ﬁlms are also investigated. These are found to
be dependent on the TLA vol. ratio.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction Binary metal chalcogenide thin ﬁlms range among the class ofIn the 21st century low cost production of solar cells has be-
come the ﬁrst preoccupation of the optoelectronic industry. For
this reason, investigation in the photo-conversion area is always
attractive. Uptil now, the synthesis of materials devoted to sunlight
conversion has attracted the interest of researchers and more
intention is focused on systems which offer by means of the con-
trol of their physical, optical and electrical properties more free-
dom in devices’ application. The development of such materials
will be very useful and can answer to the industrial requirements
especially in solar energy conversion. Mixed materials such as
(GeS2)1x(Bi2S3)x [1], (CdS)x(Bi2S3)1x [2], (CdO)x(PbO)1x[3], HgS–
Bi2S3 [4], RuO2–CeO2 [5] and nanostructured materials [6–13] are
among those properties that have drawn extensive interest.semiconductors that have found application in photovoltaic de-
vices [13–15].
Bi2S3 and PbS are two metal chacogenide semiconductors
whose absorption spectra lie in the visible and near infrared region
of the solar spectrum. The optical bandgap of Bi2S3 single crystal is
found to be of 1.1–1.3 eV and varies from 1.3–1.7 eV in its poly-
crystalline structure [16,17], whereas for the PbS, well known as
a narrow gap semiconductor a value of 0.4 eV was reported
[10,18–20] and values up to 2.3 eV have been obtained for its
nanostructured form [11,21].
Although these two compounds have been extensively studied,
the Bi–Pb–S system properties have not been fully explored and
the investigations in the Bi2S3–PbS system formations have be-
come important for understanding their speciﬁc physical and opti-
cal properties.
In this paper, structural, morphological and optical properties of
Bi–Pb–S system were investigated, since various compositions be-
tween stable Bi2S3 and PbS phases can be obtained. The differences
in the crystallographic structure (orthorhombic for Bi2S3 and cubic
for PbS) and the absorption edges (in the visible region for Bi2S3
and near infrared for PbS) constitute a sufﬁcient argument to pro-
mote structural and optical investigations. It was the goal of our
work to see the possible formation of Bi2S3–PbS composites using
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effect of the compositional variation on the ﬁlms properties.2. Experimental details
Thin ﬁlms of Bi2S3, PbS and Bi–Pb–S system were deposited on
glass substrates by the simple and economical spray pyrolysis
technique.2.1. Solutions preparation
Two separate solutions were used to prepare the sprayed solu-
tions. The ﬁrst solution used as precursor (PrS) was prepared by
dissolving a mixture of 0.315 g of bismuth trichloride (BiCl3) and
0.38 g of thiourea (CH4N2S) in 100 ml of solvent composed of
50 ml of ethanol and 50 ml of bi-distilled water. A transparent
yellow solution was obtained. The second one was obtained by
dissolving 0.379 g of Trihydrate Lead Acetate (TLA) [Pb(CH3COO)2-
3H2O] in100 ml of bi-distilled water. Immediate powder dissolu-
tion was observed and a transparent solution was obtained.2.2. Films deposition
The deposition of ﬁlms was carried out in the following steps:
(i) Transfer of the sprayed solution into the spray nozzle
(20 ml).
(ii) Adjustment of the deposition temperature.
(iii) Adjustment of the carrier gas pressure (air at 6 N/cm2).
(iv) Adjustment of the spray nozzle/heating plaque distance
(33 cm).(g)
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Fig. 1. XRD patterns of PbS–Bi2S3 system with various PrS/TLA vol. ratios: (a) Bi2S3,
(b) 9:1, (c) 8:2, (d) 7:3, (e) 5:5, (f) 3:7, (g) 2:8, and (h) PbS.These deposition parameters were kept constant during the
spray process.
To avoid thermal shock due to excessive substrate cooling, a
cyclical spray of (15 s) of the solution was carried out. A waiting
period of 30 s was allowed between two successive cycles to per-
mit the temperature rise. Several sprays (from 6 to 8 pass) are nec-
essary to obtain ﬁlms with appreciable thickness.
The Bi2S3 ﬁlm formation takes place according to the following
reaction:
2BiCl3 þ 3CSðNH2Þ2 þ 6H2O !
260C
Bi2S3 þ 6NH4Clþ 3CO2
Deposition of PbS ﬁlms occurs according to the following chem-
ical reactions:
In aqueous medium, the metal complex initiates a release of
Pb2+ ions:
Pb½CH3COO2 þH2O !
200C
Pb2þ þ 2CH3COO
Simultaneously, slow release of sulfur from thiourea takes place
according to the following reaction:
SCðNH2Þ2 þ OH ! SH þ CH2N2 þH2O
SC þ OH ! S2 þH2O
The S2 ions react with the Pb2+ ions to form a uniform PbS thin
ﬁlm on the heated substrate at 200 C.
The layers of the Bi–Pb–S system were performed by spraying
the prepared solutions with various PrS/TLA volume ratios (9:1,
8:2, 7:3, 5:5, 3:7, 2:8) at a temperature of 200 C.
To form thin ﬁlms of the Bi–Pb–S system, the overall chemical
reaction is as follows:
xPb½CH3COO2 þ ð1 xÞBi2Cl3 þ SCðNH2Þ2ðPbSÞxðBi2S3Þ1x
þ 6NH4Clþ CO2 þH2O
The as-deposited ﬁlms were structurally characterized by XRD
using a PHILLIPS 1830 diffractometer with Cu-Ka radiation
(k = 1.5406 Å). The surface morphology of the ﬁlms was probed
with ﬁeld emitting scanning electron microscopy (FESEM) using
a ZEISS DSM 982 Gemini microscope with an attached energy dis-
persed X-ray spectrometer for X-ray microanalysis (EDS). Trans-
mittance and reﬂectance measurements were performed with an0 20 40 60 80
10
15
20
70
80
gr
ai
n 
siz
e 
(nm
)
TLA content (%)
Fig. 2. The crystallites size of the (130) peak of the orthorhombic phase as a
function of TLA content.
Table 1
Structural parameters and grain size values of thin ﬁlms of Bi–Pb–S system with
various PrS/TLA vol. ratios.
Sample PrS/TLA vol.
ratio
Bi2S3 PbS
a (Å) b (Å) c (Å) D
(nm)
a (Å) D
(nm)
(a) Bi2S3 11.17 11.12 3.98 72.5 / /
(b) 9:1 11.11 11.25 3.97 19.2 / /
(c) 8:2 11.17 11.19 3.97 18.5 5.90 18.8
(d) 7:3 11.16 11.17 3.97 20 5.94 18.9
(e) 5:5 11.10 11.23 3.97 21.5 5.895 17.9
(f) 3:7 / / / 15.3 5.895 /
(g) 2:8 / / / 16.3 5.943 14.7
(h) PbS / / / / 5.931 18.1
32 M. Boukhalfa et al. / Results in Physics 3 (2013) 30–37UV–VIS–NIR JASCO type V-570 spectrophotometer in the wave-
length range [200–2500 nm]. The ﬁlm’s type was examined by
thermoelectric probe measurements. The measurements of the
ﬁlm’s thickness were performed using a 1D Sloan dektak
proﬁlometer.(a)3. Results and discussion
3.1. Structural study
Fig. 1 shows the patterns of the Bi–Pb–S system with various
PrS/TLA vol. ratios. The ﬁlms indexation has been assigned in
accordance with the JCPDS references (17–0320) of Bi2S3 and (5–
0592) of PbS. Fig. 1a, presents the XRD spectrum of the sprayed
solution without TLA. All the observed peaks are sharp and consis-
tent with the orthorhombic structure of Bi2S3. The presence of
sharp and resolute peaks indicates the polycrystalline nature of
the ﬁlms. Moreover, the absence of any other peaks corresponding
to impurities reveals the good quality of the as-deposited layers.
Fig. 1b shows a pattern obtained with PrS/TLA vol. ratio of 9:1.(a)
(b)
1µm   
500nm
Fig. 3. FESEM images of (a) Bi2S2 and (b) PbS thin ﬁlms.For this pattern all the reﬂections are attributed to the Bi2S3ortho-
rhombic phase. However, a small shift of the diffraction peaks to-
ward higher 2h values is noted. Fig. 1c, d and e show the XRD
spectra of samples obtained respectively with PrS/TLA vol. ratio
of 8:2, 7:3 and 5:5. For these ﬁlms a signiﬁcant peak broadening
with a decrease in the peak intensity is observed. The extinction
of some Bi2S3 diffraction peaks and the emergence of some ones re-
lated to the PbS cubic phase are also noted. With the increase of the
TLA vol. ratio over 5:5, the ﬁlms show no well deﬁned peaks (Fig. 1f
and g.). An extinction of several Bi2S3 diffraction peaks accompa-
nied with the emergence of new ones of the PbS phase are noticed.
The samples crystallinity seems to be affected and a structural dis-
order attributed to the lattice strain resulting from the emergence
of PbS phase can be invoked. The precursor lattice (here the ortho-
rhombic), changes from polycrystalline to amorphous structure
with the incorporation of TLA. This change in the crystallographic
structure can be associated to the growth of nano-crystallites.
In spite of the poor crystallinity of these samples, it is notewor-
thy; that the XRD patterns of the as deposited ﬁlms reveal the pres-
ence of orthorhombic and cubic phases. These observations
conﬁrm the formation of PbS–Bi2S3 composite thin ﬁlms where
both of the orthorhombic and cubic phases coexist.(c)
(b)
Fig. 4. Typical FESEM images PbS–Bi2S3 composite thin ﬁlm with PrS/TLA vol. ratio:
(a) 9:1, (b) 5:5, and (c) 2:8.
Fig. 5. EDS spectra of Bi–Pb–S system thin ﬁlms: (a) Bi2S3, (b) PbS, (c) PrS/TLA vol. ratio of 5:5.
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The crystallite size was calculated using Debye–Scherrer for-
mula, D = 0.9k/b cosh; where k is the wavelength (k = 1.5406 Å), b
is the full width at half maximum of the considerate peak and hthe corresponding Bragg’s angle. Fig. 2 shows average crystallite
size calculated from prominent (130) diffraction peak of the ortho-
rhombic phase. A noteworthy decrease of the D-values is observed
when the TLA vol. ratio increases. From the crystallite size
34 M. Boukhalfa et al. / Results in Physics 3 (2013) 30–37calculations, we can note that the composite PbS–Bi2S3 thin ﬁlms
are composed with PbS and Bi2S3 nano-crystallites which confer
a nanocrystalline nature for our ﬁlms.
The lattice parameters (a, b and c) were estimated from the in-
ter-reticular data (dhkl) using the formula giving the relationship
between dhkl and these parameters:
dhkl ¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
h2
a2 þ k
2
b2
þ l2c2
q ð1Þ
where h, k and l are the Miller indices of the diffraction planes. The
as calculated values agree with those given by the JCPDS cards in
spite of a weak shift which we have attributed to the internal strain
induced by the appearance of PbS phase in the host lattice. The cal-
culated D values and the lattice parameters are resumed in Table 1.3.2. Morphological study
The surface morphology of the studied thin ﬁlms was analyzed
by ﬁeld emission scanning electron microscopy (FESEM). Typical
SEM of thin ﬁlms of Bi–Pb–S system with different PrS/TLA vol. ra-
tios are presented in Fig. 3.
Fig. 3a shows the SEM of the Bi2S3 thin ﬁlm. This micrograph
illustrates that the Bi2S3 ﬁlms are composed of platelets which
are grown perpendicularly to the glass substrate.
The SEM micrograph of PbS consists of structured granules,
Fig. 3b. This image shows a porous structure of the ﬁlm and also
variable granules shapes.
Fig. 4 shows the SEM of thin ﬁlms prepared with PrS/TLA vol. ra-
tios of 9:1, 5:5 and 2:8. Herein, three samples are selected and typ-
ical SEM images are presented.
As shown in Fig. 4a, non uniform structure can be seen. Careful
observation demonstrates that the substrate surface is carped with
granules of various sizes. Some of these granules with elongated
shape merge to form star-like structures.
The SEM of composite thin ﬁlm obtained with PrS/TLA vol. ratio
of 5:5 is presented in Fig. 4b. This micrograph shows a complex
structure of the ﬁlm consisting on randomly oriented formations,
uniformly distributed on the ﬁlm surface.
Fig. 4c, presents the SEM of a sample obtained with PrS/TLA vol.
ratio of 2:8. The surface morphology is found to be different than
those of the two precedent samples and seems to be formed by
clusters of microparticles which merge to cover the entire sub-
strate surface. The shape of these microparticles is not well deﬁned0 1 2 3 4 5 6
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Fig. 6. Optical absorption a of Bi-Pb–S system thin ﬁlms for various PrS/TLA vol.
ratios. The inset plot represents the absorption coefﬁcient of PbS thin ﬁlm vs. the
incident photon energy.and large inter-crystallite spaces can also been observed. Based on
the SEM observations it is shown that the crystallite shapes’ evolu-
tion depends strongly on the TLA volume ratio.
The stoichiometric composition of the ﬁlms was studied using
energy dispersive spectroscopy (EDS). The quantitative elemental
analysis was done only for Bi, Pb and S for samples with PrS/TLA
vol. ratio of 5:5, Bi2S3 and PbS.
The EDS spectra of these ﬁlms are presented in Fig. 5. It was ob-
served from the quantitative data that ﬁlm formation of Bi2S3 and
PbS is quite stoichiometric while the ﬁlm formation of composite
PbS–Bi2S3 thin ﬁlm is sulfur rich.
The EDS measurements do not permit us to determine exactly
the compositional parameter x in the PbS–Bi2S3 composite layers
in the case of (PbS)x(Bi2S3)1x formations but these allowed us to
deﬁne the Pb/S and Bi/S ratios in PbS and Bi2S3 ﬁlms.
The EDS spectra present some other peaks (Si, C, Cl, O, Mg, . . .)
which might belong to the amorphous glass substrate.
3.3. Optical properties
3.3.1. Absorption coefﬁcient
Optical measurement techniques such as spectrophotometry
are powerful methods for the determination of the optical proper-
ties of thin ﬁlms. In most cases these methods are nondestructive
and are, therefore, very useful for optical parameters calculations.
To perform the absorption coefﬁcient calculations, transmittance
and reﬂectance measurements were carried out in the wavelength
range [200–2500 nm]. For normal incidence and with neglected
interference phenomenon, the absorption coefﬁcient a was calcu-
lated from the approximated equation:
T  ð1 RÞ expðadÞ ð2Þ
T and R are the experimental transmittance and reﬂectance respec-
tively and d the ﬁlms thickness.
Fig. 6 shows the spectral dependence of the optical absorption
coefﬁcient a of the ﬁlms with various PrS/TLA vol. ratios. For the
Bi2S3 thin ﬁlms the absorption edge allows at 1.36 eV (black curve
in Fig. 6a). This value is in good agreement with those of many
works, where it was reported that in its thin ﬁlm form Bi2S3 shows
optical transitions between 1.3 eV and 1.7 eV [17].
The inset plot shows the spectral absorption of a PbS layer.
From this plot, a negligible absorption around 0.48 eV is
perceptible. A second absorption edge located around 3.3 eV can
also be noted. Optical transitions up from the fundamental bulk va-
lue (0.41 eV) showing a strong grain size effect on the optical0.5 1.0 1.5 2.0 2.5
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Fig. 7. Variation of the bandgap energy of the Bi–Pb–S system thin ﬁlms for various
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by many authors [8,11,12]. Electronic transitions above the band-
gap energy in chemically deposited PbS thin ﬁlms at energies of
E1 = 2.36 eV, E2 = 3.68 eV and E3 = 5.27 eV were also been reported
by R. Ramirez-Bon et al. [19].
For the ﬁlms with various PrS/TLA vol. ratios the absorption
edge is located around 1.4 eV. This absorption edge can be attrib-
uted to the fundamental absorption of the Bi2S3 clusters which
form the PbS-Bi2S3 thin ﬁlms. Far from the Bi2S3 fundamental edge,a second absorption edge localized at 3.8 eV is observed. The sec-
ond absorption edge is attributed to the PbS nano-clusters present
in the composite thin ﬁlms.
3.3.2. Optical bandgap
The energy dependence of the absorption coefﬁcient a is given
by:
ahv ¼ Aðhv EgÞc ð3Þ
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Fig. 9. Variation of the refractive index versus the incident photon energy: (a) Bi2S3 and ﬁlms of PrS/TLA vol. ratio of 9:1 and 7:3, (b) PbS and ﬁlms with PrS/TLA vol. ratio of
5:5 and 2:8.
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36 M. Boukhalfa et al. / Results in Physics 3 (2013) 30–37where A is a constant, hv is the incident photon energy, Eg is the
optical bandgap and c a parameter characterizing the optical
absorption process (here c = ½ for direct allowed transitions). The
direct optical bandgap values were obtained from (aht)2 curves
extrapolated to the energy axis, Fig. 7, where it is of interest to
see a bandgap shift toward low energies with the increase the
TLA vol. ratio in the precursor solution. The bandgap energies of
the thin ﬁlms with various PrS/TLA vol. ratios are situated between
those of Bi2S3 and PbS.8
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Energy (eV)3.3.3. Extinction coefﬁcient
The extinction coefﬁcient k was deduced from the absorption
coefﬁcient using the classical relationb a ¼ 4pkk , where k is the
wavelength of the incident radiation.
The k variations of Bi2S3, PbS and composite PbS–Bi2S3 thin
ﬁlms versus the incident photon energy are shown respectively
in Fig. 8a–c.
The extinction coefﬁcients of Bi2S3 and PbS show a maximum
close to their fundamental absorption edges. The k values of ﬁlms
of the PbS–Bi2S3 composite system increase with the increase of
the TLA vol. ratio and their maximum values show a red shift.2
4
6
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Fig. 10. Variation of the real part of the dielectric constant versus the incident
photon energy for (a) Bi2S3 and PbS thin ﬁlms (b) ﬁlms of the Bi–Pb–S system with
various PrS/TLA vol. ratios.3.3.4. Refractive index
The real part of the refractive index was calculated using the
following relation:
n ¼ 1þ R
1 R
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4R
ð1 RÞ2
 k2
s
ð4Þ
R is the ﬁlms reﬂectance and k the extinction coefﬁcient.
The dispersion plots n(E) of Bi2S3, PbS and composite PbS–Bi2S3
thin ﬁlms are shown in Fig. 9(a) and (b). The n variation of all these
ﬁlms shows a similar behavior. The n values increase around the
fundamental absorption edge and vary slightly beyond the absorp-
tion edge. A large effect of classical dispersion of the refractive in-
dex in the low energy region is noted.3.3.5. Dielectric constant
The real and imaginary parts of the complex dielectric constant
were calculated using the following formulas:
e1 ¼ n2  k2e2 ¼ 2nk ð5Þ
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Fig. 11. Variation of the imaginary part of the dielectric function versus the incident
photon energy for (a) Bi2S3 and PbS thin ﬁlms (b) Bi–Pb–S system with various PrS/
TLA vol. ratios.
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tric constant of the Bi2S3, PbS thin ﬁlms and ﬁlms with various
PrS/TLA vol. ratios are shown respectively in Fig. 10a and b.
From these plots we can see that the maximum values of e1 are
reached in the low energy region. A pronounced increase of e1 is
noted near the absorption edge for the Bi2S3 and PbS layers. For
these layers a broad dispersion maximum reached around
1.16 eV and 1 eV can also been observed.
For the ﬁlms with different PrS/TLA vol. ratio, different behav-
iors are observed.
For samples with low TLA contents, the e1 values are higher
than those of Bi2S3 and PbS layers. For these ﬁlms, the e1 plots
show some oscillations in the low energy region. For samples with
high TLA contents, the e1 values are lower than those of the Bi2S3
and PbS ﬁlms and broad oscillations are noted. The lower values
of e1 are obtained for ﬁlms with PrS/TLA vol. ratio of 50%.
The imaginary part of the complex dielectric constant is pre-
sented in Fig. 11a and b.
The e2 values of the Bi2S3 and PbS ﬁlms increase near their
absorption edges and a broad maximum with a value of 2 for
Bi2S3 and 7.22 for PbS are reached around 2.3 and 1.16 eV respec-
tively. It is noteworthy that the e2 values of the PbS ﬁlms are higher
than those of Bi2S3. The ﬁlms with various PrS/ TLA vol. ratios show
practically similar behavior.4. Conclusion
Herein, we have given the structural and the optical properties
of Bi2S3, PbS and Bi–Pb–S system thin ﬁlms deposited by the simple
and economical technique of spray pyrolysis. The synthesis was
done with the reaction of BiCl3 and thiourea in which dissolved
TLA with various vol. ratios was added. The XRD and the FESEM
analysis show ﬁlms with good quality. With the increase of TLA
volume in the precursor solution, the diffraction spectra reveal
the presence of both Bi2S3 orthorhombic and PbS cubic phases
and so PbS–Bi2S3 composite thin ﬁlms was established. The funda-
mental absorption edge, show a shift toward low energy values
when increasing the TLA vol. Far from the Bi2S3 and PbS absorption
edges other absorption edges attributed to the formation of PbS
nano-clusters are observed. The (aht)2 curves show that the opti-
cal bandgaps of the layers with different TLA content lie between
those of Bi2S3 and PbS ones. The optical properties of the composite
layers are strongly dependent of the TLA content and exhibit a
complex behavior with the increase of the TLA vol. ratio. The prin-
cipal interest of these composite systems is the possibility of the
gap modulation and also the prevention of the lattice mismatch
in n-(PbS)x(Bi2S3)1x/p-PbS interface which is well suitable for pho-
tovoltaic devices.Acknowledgments
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